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Abstract 
Flat top and hemispherical shaped shells made by press forming were deformed by indentation using flat or round headed 
indentor. Effect of the shell shape, sheet thickness, indentor shape and the speed on the deformation behavior was investigated. 
The material was mild steel SPCE or aluminum alloy A5052. Speed effect of SPCE on the indentation force became 
remarkably large, when the indenting or loading direction was reversed to that in the forming. It was small for A5052 material. 
Energy absorption performance was also evaluated in considering the mass of the shell, which is used as an index for the light-
weight structure design. The energy absorption efficiency was highest for case of the flat top shell indented by flat headed 
indentor. Almost constant collapse force was obtained when the spherical shell was deformed with hemispherical indentor.  
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1. Introduction 
For several decades, increasing concerns have been paid with respect to the shock absorbing deformation of 
vehicle bodies. Several papers reviewed the circular or square tubes, frusta, struts, honeycombs by Alghamdi 
(2001) and Olabi et al. (2007). As a practical example, crush deformation of the helicopter subfloor structure 
assembled with sheet metal parts by riveting was studied for improvement of the energy absorption capability by 
Bisagni (2002). Dome shaped shells were also available for the energy absorbers, where the plastic collapse of 
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aluminum egg-box panels subjected to out-of-plane compression was investigated by Zupana (2003). 
Hemispherical metal domes were deformed by indenting the solid bars or tubes whose tip shape was flat, round 
headed or notched, etc. The effect of the indentation behavior on the collapse load curve was examined both in 
experiment and numerical simulation by Shariati et al. (2010) and Dong et al. (2008). For collapsible energy 
absorbers, inversion and reinversion deformations of frusta were found very adequate, where the accumulated 
absorbed energy per unit mass and the usability of the absorber several times were also considered by Alghamdi 
(2002).  
The present study is focused on the energy absorbing performance of press formed shell. The objective is to 
obtain the basic information for construction of the guidepost in designing the energy absorber. The shape of the 
press formed shell is flat top or hemispherical. The materials were mild steel SPCE and aluminum alloy A5052-
H34 sheets. Indentation was conducted using the flat or hemispherical headed indentor under impact condition 
using a drop hammer or quasi-static one.  
2. Test materials and experimental procedure 
The test materials are mild steel sheet SPCE with 0.8, 1.2 or 1.6 mm thickness and aluminum alloy sheet 
A5052-H34 with 1 mm thickness. Their mechanical properties are listed in Table 1. The shape of specimen is flat 
top or hemispherical shell. The shape of indentor is flat headed or hemispherical. The combinations of shells and 
the indentors are shown in Fig. 1. The abbreviated notations FS, FF, SS and SF are used. The first letter represents 
the shell shape, F: ‘F’lat top or S: hemi’S’pherical shell. The latter represents the indentor, F: ‘F’lat headed or S: 
hemi’S’pherical headed indentor. Shells are formed from a circular blank with 80 mm diameter using a hydraulic 
deep-drawing testing apparatus. The formed height is 10 mm. A commercially available lubricant for press 
forming (CD400, Daido chemical industry) was applied to all tool-material interfaces. The blank holding force was 
set to the double value calculated by the Siebel’s formula. 
Impact indentation test was performed using the drop hammer impact testing apparatus shown in Fig. 2. The 
mass of the drop hammer indentor is 15 kg. The initial impact velocity is set to 5.0 m/s for SPCE and 3.4 m/s for 
A5052. Quasi-static test with 0.1 mm/s indentation speed was also carried out using a hydraulic press. 
Table 1. Mechanical properties of test materials. 
Material (Thickness) Ultimate tensile strength  (MPa) c (MPa) n-value Total elongation (%) 
A5052-H34(1.0mm) 248.2 399.1 0.148 8.0 
SPCE(0.8mm) 310.1 565.3 0.252 48.0 
SPCE(1.2mm) 309.4 551.0 0.238 48.3 
SPCE(1.6mm) 284.4 502.7 0.233 51.5 
Work hardening property of n-th power law:  
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Fig. 1. Variation in combinations of shells and indentors: (a) FS: Flat top shell and hemispherical headed indentor; (b) FF: Flat top shell and flat 
headed indentor; (c) SS: Hemispherical shell and hemispherical headed indentor; (d) SF: Hemispherical shell and flat headed indentor. 
ncHV  
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Fig. 2. Impact testing apparatus. 
3. Experimental results and discussions 
Deformation behavior of flat top shell is first discussed. The SPCE shell hardened at most about 20 % in 
Vickers hardness scale, whose n-value is larger than that of A5052-H34. The example of the progressive 
deformation patterns of SPCE shell and the force curves under impact or quasi-static condition are summarised in 
Fig. 3. The deformation patterns are those obtained in quasi-static test, because the impact test cannot be 
terminated at the desired indentation stroke. Variation in the indentor force during collapse deformation is an 
important property of the energy absorber. The force rapidly increases in the latter stage, where the shell shape is 
inverted and the shell wall undergoes tension. Such extensional deformation stage is not considered in the study. 
The impact force curve terminates before the rapid increase in the case of 1.6 mm sheet thickness. Because the 
motion energy of drop hammer is exhausted before it. 
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Deformation patterns Impact test Quasi-static test 
Fig. 3. Progressive deformation patterns of flat top shell and force curves in indentation; (a) FS; (b) FF deformation condition. 
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The hemispherical indentor gradually increases the contact area at the flat top part of the shell. Then the 
indentation force also more gradually increases in the concavity formation stage under FS deformation condition 
than that under FF. The transition from elastic to plastic regime is sharp under FF condition, where the contact area 
of the shell to the indentor is almost unchanged in the early stage of the deformation. The bent portion of the shell 
in contact with the die profile portion becomes flattened, where the force drop is observed. The significant effect of 
sheet thickness in indentation force is observed.  
The force in impact test is generally 1.5 times higher than that in quasi-static test. The strain-rate in indentation 
is roughly estimated to be around 100 /s. The mild steel does not exhibit such high strain-rate sensitivity in the 
strain-rate of this order. The phenomenon observed in the present study implies that the strain-rate effect of SPCE 
on the yield stress is enhanced if the loading direction alters.  
The deformation behaviour of hemispherical shell is discussed below. The deformation patterns and the 
indentation force curves are exhibited in Fig. 4. The forces are smaller than those of the flat top shell for the similar 
indentor. Less fluctuation in indentation force is observed for 0.8 and 1.2 mm sheet thickness under quasi-static SS 
deformation condition. The constant force is commonly preferable for the property of shock absorber. The reason 
of the less force fluctuation may be understood by observing how the mobile plastic hinge behaves. The hinge 
radius becomes larger in the deformation patterns, thus the bending force becomes lower as the indentor strokes. 
On the other, the hinge length increases. In the deformation, the increase of hinge length and the decreasing 
bending resistance compensate each other in terms of indentation force. Therefore, the force is consequently 
maintained almost constant. The force under impact is greater than that in quasi-static deformation. However, the 
force plateau is seen only for the case with 1.2 mm sheet thickness. The tendency in force variation for the case 
with 1.6 mm thickness does not agree with that of quasi-static test. This may be attributed to the difference in 
deformed shape under the enhanced strain-rate effect mentioned above, though the shapes under impact could not 
be observed. 
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Fig. 4. Progressive deformation patterns of hemispherical top shell and force curves: (a) SS; (b) SF deformation condition. 
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Figure 5 shows the force curves for aluminium alloy A5052-H34. The force levels are comparable for both 
strain-rate conditions. The most effective deformation condition is also FF deformation condition. The initial peak 
force appears under SF deformation condition. The reason is explained as follows: The round top portion is 
flattened by the flat headed indentor in the early stage of deformation. The axisymmetric compressive stress 
accordingly arises. The flattened part buckles beyond a certain stress. Therefore, the indentation force increases. It 
is found that the introduction of in-plane compressive stress is very effective in improving the energy absorption 
performance. The SS deformation condition provides the relatively stable indentation force as observed in SPCE. 
Indentation force variation depends on the mechanical property of the material and the current shape or the 
structural rigidity. The force drop is caused by losing the structural rigidity as the shape flattens. It is generally 
observed that the drop is more supressed in SPCE (t =1.2 mm) than that in A5052-H34 (t =1 mm) in Figs. 3, 4 and 
5. The SPCE material exhibits larger strain hardening than A5052-H34 as shown in Table 1. In consequence, the 
force drop is compensated to a certain degree by the hardening property.  
The absorbed energy E was evaluated by integrating the force variation F with the indentation stroke until the 
stroke reaches the shell height h = 10 mm.  
³ h dxxFE )( . (1) 
Figure 6 summarises the absorbed energy for SPCE under various experimental conditions. The absorbed 
energy in impact deformation is greater than that in quasi-static one for all cases. The effect of sheet thickness is 
most prominent in the test with FF deformation condition. On the other hand, the energy increases almost linearly 
in other quasi-static tests, and this is possibly true also in impact test.  
 
a
                   
b
  
 
Fig. 5. Force curves for flat top and hemispherical top shells of aluminium alloy: (a) Impact test; (b) Quasi-static test. 
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Fig. 6. Absorbed energy of SPCE in indentation stroke equal to shell height: (a) Impact test; (b) Quasi-static test. 
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The energy absorbing performance was evaluated from the viewpoint of the weight saving design. The absorbed 
energy per unit mass E/m (J/g) is summarised in Fig. 7. The data obtained for the aluminium alloy A5052-H34 is 
also described for reference, because the thickness of aluminium alloy is 1 mm. The effect of sheet thickness on 
the energy absorption performance is definitely positive only for FF deformation condition in the case of SPCE. 
The effect is small or not clear for other deformation conditions. In the range of the present experiments, A5052-
H34 and SPCE have comparable performance in energy absorption under impact, due to that the positive strain-
rate effect becomes very remarkable in the present study, where the loading direction is reversed to that in the 
forming process. 
 
  
Fig. 7. Energy absorption performance considering mass of shell. 
4. Conclusions 
The press formed flat top or hemispherical shell was indented using flat or round headed indentor. Mild steel 
SPCE or aluminum alloy aluminum alloy A5052 shells were tested under impact or quasi-static deformation 
condition. The main conclusions are as follows:  
Several characteristic force variations appeared. Almost flat indentation force is available in the combination of 
hemispherical shell and round headed indentor. The in-plane compressive stress field in the material induces the 
increase in indentation force, which increases the energy absorption capacity.  
The force in impact test of SPCE was approximately 1.5 times higher than that in quasi-static test. The 
experimental result obtained here implies that the strain-rate effect on the stress tends to be enhanced if the loading 
direction alters. On the other, aluminium alloy did not show the tendency.  
Aluminum alloy A5052-H34 and mild steel SPCE have comparable performance in energy absorption under 
impact in the range of the present experiments. The positive strain-rate effect of SPCE under the reverse in loading 
direction may improve the performance. 
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